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I N T R O D U C T I O N
In the developing vertebrate retina, cytogenesis occurs in the ventricular zone (VZ), a layer of progenitor cells immediately adjacent to the retinal pigment epithelium (Robinson 1991) . Once a cell has undergone its final division, it migrates away from the VZ toward its final destination and begins to differentiate. The first cells leaving the VZ are ganglion and amacrine cells, which form the inner layers of the retina. The newly differentiated ganglion and amacrine cells soon undergo rhythmic, spontaneous bursts of excitation, which propagates laterally in the form of waves (Catsicas and Mobbs 1995; Copenhagen 1991; Feller 1999; Katz and Shatz 1996; O'Donovan 1999; Wong 1999; Zhou 2001b ) and has been shown in mammals to influence the development of precise retinogenicular connectivity (Penn et al. 1998) .
Although the role of retinal waves in central visual development has been investigated extensively, relatively little attention has been paid to the possible involvement of retinal waves in the development of the retina itself. One of the important issues has been whether spontaneous retinal waves are present only among differentiated neurons in the inner retina (IR) or they also exist among retinal progenitor cells in the VZ. Because the developmental states of VZ and IR cells are drastically different, a presence of retinal waves in both VZ and IR would suggest new and diverse developmental roles played by the waves. Indeed, ventricular Ca 2ϩ transients have been reported in embryonic chick retinal slices (Catsicas et al. 1998) , suggesting wave-like activities in the retinal VZ. However, it could not be determined in retinal slices whether the transients actually propagated laterally as waves nor was it clear what drove the VZ transients. Moreover, because similar Ca 2ϩ transients have never been found in the VZ of the mammalian retina despite considerable efforts to identify spontaneous activity in various retinal layers , it has been assumed that retinal waves in mammals are restricted to differentiated neurons in the IR (Catsicas et al. 1998) .
In this study, we investigated whether propagating Ca 2ϩ waves exist in the VZ of the developing rabbit retina and, in particular, where spontaneous retinal waves initiate and propagate in the mammalian retina. Our results show that Ca 2ϩ waves existed in the VZ of the developing rabbit retina; these waves had distinctive propagation patterns, unique pharmacological properties, and prolonged Ca 2ϩ dynamics; and retinal waves appeared to be initiated in the IR and spread to the VZ. Preliminary results of this study were published in abstract form (Zhou et al. 2002) .
M E T H O D S

Ca
2ϩ -imaging and multielectrode-array recording in the flat-mount rabbit retina and retinal slices retina was cut into two to four pieces and flat-mounted on filter paper (Type HABP; Millipore, Bedford, MA) with either the ganglion cell layer (GCL) or the VZ facing paper. Retinal flatmounts were loaded with the calcium indicator dye Fura 2-AM (10 M) or Fluo 4-AM (5 M) (Molecular Probes, Eugene, OR) in the presence of 0.001% pluronic acid in oxygenated, HEPES-buffered Ames medium at 30°C for 1-2 h. Under this condition, only cells near the retinal surface facing the solution were adequately loaded with the dye. Depending on the specific purpose of the experiment, Ca 2ϩ imaging was performed in one of the following configurations. Conventional Ca 2ϩ imaging was made with an intensified cooled CCD camera (I-Pantamax, Roper Scientific Instruments, Princeton, NJ) under a fixedstage, upright microscope (Olympus BX50WI, Olympus USA, New York, NY) using either a ϫ10 (UMPlanFl, NA ϭ 0.3, Olympus USA) or a ϫ100 (UMPlanFl, NA ϭ 1.00, Olympus USA) water-immersion objective lens. Two-photon Ca 2ϩ imaging was made under an upright microscope (Axioskop2 configured with LSM510, Carl Zeiss, Thornwood, NY) with a ϫ40 water-immersion objective lens (Achroplan, NA ϭ 0.76, Carl Zeiss). To measure ventricular cell responses to puffs of neurotransmitter agonists at the GCL, Ca 2ϩ imaging was made from Fluo 4-AM-loaded VZ cells under an inverted microscope (Olympus IX70, Olympus USA) with a ϫ10 objective lens (NA ϭ 0.3, UPlanFl, Olympus USA). Fura-2-loaded cells were imaged at an excitation wavelength of 380 nm (712.7 nm during 2-photon imaging) and displayed a decreased emission intensity (at 500 nm) when free [Ca 2ϩ ] i was elevated (Grynkiewicz et al. 1985) . Fluo-4-loaded cells were excited at ϳ450 nm, and the emission intensity (at 500 nm) increased when free [Ca 2ϩ ] i was elevated.
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To measure spontaneous spikes in the GCL and Ca 2ϩ waves in the VZ simultaneously, a piece of Fura 2-AM-loaded retina was placed, GCL facing down, on a multielectrode array (MEA) (Multi Channel Systems, Reutlingen, Germany). The retina was then covered by a piece of transparent membrane filter (Millicell-CM, Millipore) that was held in place by a platinum ring. The MEA was made of 60 planar electrodes spaced 200 m apart in an 8 ϫ 8 array without electrodes at the four corners. The electrodes in the MEA were built on a glass substrate and connected to a 60-channel amplifier system (MEA 60, Multi Channel Systems) for multi-channel recording. Simultaneous Ca 2ϩ imaging from the ventricular surface of the same retina was made with a cooled CCD camera (I-Pentamax) through a ϫ10 waterimmersion objective lens (NA ϭ 0.3, UplanFl, Olympus USA) under an upright microscope (BX 50WI, Olympus USA). The acquisition of multielectrode and Ca 2ϩ -imaging data were triggered simultaneously. The 8 ϫ 8 electrode array covered a 1.4 ϫ 1.4 mm 2 area, which was slightly larger than the 1.15 ϫ 1.15 mm 2 area imaged by the CCD camera under the ϫ10 objective lens (Fig. 8B) .
During physiological recording, the preparation was continuously superfused (3-4 ml/min) with Ames medium saturated with 95% O 2 -5% CO 2 at 35-37°C. All pharmacological agents were purchased from Sigma Chemicals (St. Louis, MO) and applied to the retina by either bath perfusion (dead volume: ϳ2 ml) or pressure injection with a Picospitzer-II (General Valve, Fairfield, NJ).
Data analysis
Fluorescence images were analyzed with the assistance of Axon Imaging Workbench (AIW) (Axon Instruments) and MetaMorph (Universal Imaging, Downingtown, PA) software. To monitor the intracellular Ca 2ϩ activity, oval zones were drawn around individual dye-loaded cells or local areas of the retina. The average fluorescence intensity in each zone was plotted as a function of time F(t). The relative fluorescence change (⌬F/F o ) was defined as [F(t) Ϫ F o (t)]/ F o (t), where the baseline intensity F o (t) was defined as the intensity immediately before a wave occurred. In most cases, F o (t) was determined by drawing a straight line or a curve connecting the intensity values measured in the absence of waves. To calculate relative changes in fluorescence intensity produced by bath application of thapsigargin (Fig. 3) , the baseline intensity during drug application was determined by extrapolating the baseline intensity curve measured immediately before drug application. Difference images (⌬F) of a wave were made by subtracting a control image (averaged from 4 frames recorded immediately before a wave started) from images recorded during the wave. The speed of the wave was measured as the rate of wavefront displacement in the direction of wave propagation using AIW (Zhou and Zhao 2000) or MetaMorph. The duration of a Ca 2ϩ transient was defined as the 10%-amplitude width on the ⌬F/ Fϳt curve. Measurements of wave dynamics were expressed as means Ϯ SD.
Multi-electrode data were recorded at a rate of 10 kHz with the data-acquisition and -analysis software MCRack (Multi Channel Systems). Spikes were detected based on a threshold criterion that was set at 1.5-2 times the baseline noise level. Because the purpose of MEA recording was mainly to determine whether VZ and GCL activities were correlated, no attempts were made to characterize detailed spike patterns among neighboring ganglion cells or to determine the number of cells being recorded from by each electrode. Hence, the spikes were not further sorted and represented the total activities of one to several units (cells) recorded by each electrode. The spike rate was calculated continuously over 1-s intervals and plotted as a function of time, r(t). To visualize the propagation of spontaneous spikes in the GCL, the MEA was represented by an 8 ϫ 8 matrix, with each matrix element color-coded according to the spike rate detected by the electrode. By playing back a time series of these color-coded matrices using MCRack, the propagation trajectory and the spatial coverage of spontaneous IR waves could be determined visually and compared with those of VZ waves imaged simultaneously. A VZ and an IR wave were classified as propagating in the same direction, if their propagation directions (or trajectories) were within 30°of each other. Crosscorrelation between r(t) and ⌬F(t)/F(t) was calculated based on the Auto-Regressive Integrated Moving Average (ARMA) model (Box et al. 1994 ) using SAS software (version 8.2, SAS Institute, Cary, NC) over a recording period of 2,400 s (2,400 pairs of sample points) with the lag time between Ϫ60 and ϩ60 s in 1-s intervals.
R E S U L T S
Existence of spontaneous Ca 2ϩ waves in the VZ of the mammalian retina
To determine whether correlated activity occurs spontaneously in the VZ of the developing mammalian retina, isolated retinas from E24-P0 rabbits were mounted on filter paper (ganglion cells facing paper) and loaded with the Ca 2ϩ -sensitive dye Fura 2-AM or Fluo 4-AM. Ca 2ϩ imaging from the ventricular surface of the retina under a ϫ10 objective lens revealed spontaneous intracellular Ca 2ϩ increases that propagated laterally in the form of waves (Fig.  1A) . These waves occurred rhythmically once every 1-5 min and lasted 10 -20 s at each occurrence. To find out if the fluorescence signals were produced by changes in [Ca 2ϩ ] i in ventricular cells, we imaged Fura-2 fluorescence from cells near the ventricular surface under an ϫ100 objective lens. imaging was made from tangential optical sections near the ventricular surface of Fura 2-AM-loaded E26 retinas under a ϫ40 objective (NA/0.76) lens. As shown in Fig. 2A , rhythmic Ca 2ϩ waves could be detected in two-photon optical sections at the VZ surface (n ϭ 2). The waves at the VZ surface were very strong, with ⌬F/F reaching as high as 50% in Fura 2-AMloaded cells ( Fig. 2A) . In contrast, because of the lack of sufficient Fura 2-AM diffusion into deeper layers of the retina, the measured fluorescence intensity decreased dramatically as two-photon optical sections were made at 20 and 40 m below the VZ surface ( Fig. 2B ), indicating that IR cells had negligible contribution to the ⌬F/F measured at the VZ surface. The lack of sufficient dye loading in deeper layers of the retina under our experimental condition (with GCL attached to filter paper) was also evident from fluorescence images taken from vertical slices of the dye-loaded retina (Fig. 2C ). Thus the fluorescence signals measured from the VZ surface represented Ca 2ϩ activities of cells near the VZ surface. These results demonstrated for the first time the existence of rhythmic, propagating VZ waves in the developing mammalian retina.
Pharmacological properties of VZ waves
To determine whether neurotransmitter interactions played a role in the propagation of VZ waves, the effects of antagonists of common neurotransmitter receptors were tested. During the period between E24 and E31, IR waves in rabbits are mediated mainly by nicotinic neurotransmission (Zhou and Zhao 2000) . Application of the nicotinic receptor antagonist hexamethonium (50 -100 M) completely blocked the VZ wave in a partially reversible manner (Fig. 3A) , indicating a critical role of nicotinic activation in the formation of VZ waves. Interestingly, the muscarinic antagonist atropine, which did not affect the IR waves at these ages (Zhou and Zhao 2000) , completely blocked VZ wave (Fig. 3B ), suggesting the muscarinic system is pivotal in mediating ventricular, but not IR, waves. The muscarinic effect on the VZ wave was likely mediated by the M1 receptors because pirenzepine, an antagonist considerably selective for M1 receptor at the concentration used (2 M), completely blocked the VZ wave, whereas the M2 receptor antagonist gallamine had no effect on the wave (Fig. 3C ). It is not clear if the VZ wave also required other subtypes (M3-M5) of muscarinic receptor activation.
To investigate whether ACh could directly influence the excitability of ventricular cells, nicotine and muscarine were puffed locally to the ventricular surface of Fura 2-AM-loaded E29 retinas. As shown in Fig. 4 (left) , the muscarine puff evoked a robust Ca 2ϩ response that was inhibited by atropine, consistent with the previous finding that ventricular cells in the rabbit retina respond to exogenous muscarinic agonists (Wong 1995) . Puffing nicotine evoked a much smaller, yet clearly detectable Ca 2ϩ increase, which could be blocked by hexamethonium (Fig. 4, right) . The response persisted in the presence of a cocktail of antagonists containing 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), D(Ϫ)-2-amino-7-phosphonoheptanoic acid (AP-7), picrotoxin, strychnine, atropine, and 18-␤glycyrrhetinic acid (18-␤GA), which should block most indirect responses. Thus VZ cells expressed functional muscarinic and, to a much less degree, nicotinic receptors, suggesting that ACh might act directly on VZ cells to mediate the VZ wave.
That the cholinergic system, through the activation of nicotinic and muscarinic receptors, contributed differently to IR and VZ waves was further supported by the differential effects of the acetylcholinesterase (AChE) inhibitor neostigmine on VZ and IR waves. Application of neostigmine (4 M) greatly enhanced the amplitude of spontaneous ventricular waves ( Fig.  3D ; n ϭ 15 experiments) but had little effect on IR waves at this age (Zhou and Zhao 2000) , suggesting the hydrolysis of acetylcholine had a profound impact on VZ, but not IR waves. Thus in addition to ACh, the endogenous AChE activity was also a key factor in the regulation of Ca 2ϩ dynamics in VZ cells.
In contrast to cholinergic antagonists, blockers of ionotropic glutamate and GABA receptors (CNQX, AP-7, and picrotoxin), applied either singly or in combination, did not block VZ waves in E24-P0 rabbits (Fig. 5 ). Thus as with early IR waves (before P1) in rabbits (Zhou and Zhao 2000) , glutamate and GABA receptor-mediated fast neurotransmissions were not essential in generating VZ waves at this stage. However, blocking adenosine receptors with aminophylline (500 M) blocked both VZ and IR waves (Fig. 5) . Adenosine receptor activation has been previously shown to regulate the dynamics of IR waves in ferret and mouse retinas (Singer et al. 2001; Stellwagen et al. 1999) .
The generation of VZ waves required activation of voltagegated Ca 2ϩ channels, because VZ waves could be readily blocked by Cd 2ϩ (Fig. 3E ), although it is not clear whether Cd 2ϩ blocked Ca 2ϩ influx in VZ cells directly or in other cells where the waves were first initiated. However, depleting intracellular Ca 2ϩ stores with 1 M thapsigargin for Ն30 min did not block either VZ or IR waves. Application of thapsigargin evoked a large, slowly decaying increase in intracellular Ca 2ϩ in ventricular cells (Fig. 3F) , presumably due to blockade of uptake of Ca 2ϩ into intracellular Ca 2ϩ stores, but spontaneous VZ waves remained atop even though the decaying phase of the wave appeared prolonged to some degree. Thus Ca 2ϩ release from thapsigargin-sensitive intracellular stores was not required for the generation of VZ waves in contrast to the Ca 2ϩ transients found in ventricular cells of the developing neocortex (Owens et al. 2000) . Furthermore, application of the gap junction blocker, 18␤-GA (75 M) or octanol (150 M), also effectively inhibited both VZ (Fig. 3G ) and IR waves (Zhou et al. 2002) . This result suggests a critical involvement of gap junctions in the formation of spontaneous IR and VZ waves, although it is also not clear whether the effect of gap junction blockers occurred mainly in the IR or VZ or both. Gap junction blockers have also been shown to block IR waves induced by calcium channel agonists in the mouse retina (Singer et al. 2001) . A quantitative summary of the pharmacological effects on VZ waves is shown in Fig. 5 .
Calcium dynamics and spatiotemporal patterns of VZ waves
The spatial and temporal patterns of the VZ wave were characterized by Ca 2ϩ imaging under a ϫ10 objective lens. In most cases, the waves propagated from one region of the VZ surface to another with both the wavefront and the center of the wave propagating laterally. In some cases, however, the wave mainly expanded in size, showing clear propagation of the wavefront but little lateral displacement of the wave center. Although the shapes and trajectories of VZ waves varied from one wave to another, the overall wave patterns remained similar between E24 and P0. Figure 6 shows two examples of spontaneous ventricular waves. A common feature of these waves was the spatial boundary formed between successive waves. As shown in Fig. 6A , a clear boundary was formed between two consecutive waves: the first one (marked 1) moved into the frame from the left, and the second one (marked 2) propagated downward from the top of the frame, observing the boundary formed by wave 1. The boundaries between neighboring VZ waves closely resembled those observed in the ganglion cell layer of the developing rabbit retina (Zhou and Zhao 2000) , which are thought to be a result of the refractory process following a spontaneous IR wave (Feller et al. 1997) . While the propagation trajectories of most VZ waves were irregular, some waves displayed trajectories that were spatially symmetric. Figure 6B shows a VZ wave that propagated in a circular trajectory and stopped abruptly when the wavefront reached the point of wave initiation. This type of pattern was also observed in IR waves in rabbits (Zhou 2001a) .
Whereas both VZ and IR waves had a similar postwave refractory period, VZ and IR waves differed dramatically in Ca 2ϩ dynamics. The kinetics of the Ca 2ϩ response during a VZ wave was much slower than that during an IR wave (Fig. 7A) . The mean duration of Ca 2ϩ elevation during a VZ wave was 21 Ϯ 5 s (n ϭ 33, from 7 experiments) compared with 9.7 Ϯ 2.3 s (n ϭ 37, from 6 experiments) during an IR wave (Fig.  7B) . In general, the wave amplitude (⌬F/F) was also larger in VZ than that in IR. These results suggested different cellular mechanisms responsible for Ca 2ϩ signaling during these two waves. Given that the temporal pattern of spontaneous Ca 2ϩ transients may encode specific developmental cues (Gu and Spitzer 1995) , the distinctively different Ca 2ϩ dynamics between VZ and IR waves may be associated with functional differences that are yet to be understood.
Despite the major difference in the duration of Ca 2ϩ transients, VZ and IR waves shared remarkable similarities in wave frequency and propagation speed (Fig. 7B) . In E29 rab- FIG. 5. Summary of the pharmacological properties of VZ waves in E29 -E30 retinas. The concentration of drugs and the number of experiments are as follows: Cd 2ϩ (CdCl 2 ), 150 M (n ϭ 2); atropine, 1-2 M (n ϭ 6); hexamethonium, 100 M (n ϭ 4); aminophylline, 500 M (n ϭ 2); 18-␤GA, 50 -75 M (n ϭ 3); pirenzepine hydrochloride, 2 M (n ϭ 2); gallamine, 100 -200 M (n ϭ 2); CNQX ϩ AP7, 25 M ϩ 200 M (n ϭ 2); picrotoxin, 100 M (n ϭ 4); thapsigargin, 1 M (n ϭ 3). Error bars indicate SD. FIG. 6. Examples of spontaneous VZ waves in E29 (A) and E30 (B) retinas. Images were acquired with a ϫ10 objective lens and subtracted by a control image averaged from 4 frames taken immediately prior to the waves. The dimensions of the frames are 1.15 ϫ 1.15 mm. Cartoons drawn in the last frame of each panel show the spatial coverage of the waves, with arrows indicating the direction of wave propagation. A: clear spatial boundaries were formed between the neighboring waves, marked 1 and 2. B: a wave propagated in a circular direction and stopped abruptly as the wave completed the circle. bits, the interwave interval was 125 Ϯ 73 s (n ϭ 89, from 15 experiments) for VZ waves and 111 Ϯ 44 s (n ϭ 56, from 7 experiments) for IR waves. The wavefront speed measured from a selection of 11 strong VZ waves was 179 Ϯ 39 m/s (n ϭ 11), similar to the speed of IR waves (187 Ϯ 27 m/s, n ϭ 13) measured mostly in the central region of same age (E29) retinas. These similarities raised the possibility that VZ and IR waves might be correlated.
Correlation between VZ and IR waves
To test whether VZ and IR waves were correlated in space and time, Ca 2ϩ imaging of VZ and multielectrode array (MEA) recording of IR were made simultaneously on the same retina. MEA recording and Ca 2ϩ imaging have been used previously in GCL of the ferret and mousse retina (Bansal et al. 2000; Demas et al. 2003; Feller et al. 1996; Meister et al. 1991; Wong et al. 1995) , and both methods gave comparable measurements of the wave speed, frequency, and trajectory. To use the two methods simultaneously, isolated E29 and E30 retinas were loaded with Fura 2-AM and placed, GCL facing down, on a 60-channel MEA for multi-channel recording of spontaneous spikes in the GCL, while fluorescence signals from the ventricular surface of the same retinas were measured with Ca 2ϩ imaging under an upright microscope. The position of each electrode in the MEA was mapped to a corresponding position in the VZ image by taking a brightfield image of the MEA under trans-illumination prior to fluorescence imaging (Fig. 8B) . Figure 8A shows an example of simultaneous recording of spikes propagating in the GCL and a Ca 2ϩ wave in the VZ. The MEA is represented in the figure by a square, with small open circles indicating the positions of the 60 electrodes. Electrodes that detected spontaneous spikes are represented by large filled circles, which are coded with different shades of gray according to the spike rate detected (Fig. 8A) . A time series of the MEA recording (Fig. 8A, top 2 rows) shows the spike activity as a function of time in 1-s intervals. Likewise, a time series of the difference fluorescence (⌬F) images from the VZ shows the propagation of a VZ wave during the same time period (Fig. 8A,  bottom 2 rows) . In this example, both the GCL and the VZ wave initiated in the upper part of the frame and propagated downward before spreading to both the left and the right. Figure 8B shows the propagation trajectories of this pair of VZ and GCL waves, demonstrating a close spatial correlation between the two. Similar analysis was performed on all of the 32 VZ waves detected in this experiment. Each of the 32 VZ waves could be paired with a corresponding IR wave, resulting in 32 pairs of corresponding VZ and GCL waves from this experiment. Out of these 32 pairs, 24 pairs showed clearly identifiable propagation trajectories/directions. Remarkably, in each of the 24 individual pairs, the VZ wave always had a propagation direction/trajectory that was within 30°o f the direction/trajectory of the simultaneous GCL wave, suggesting that not only was the initiation of the VZ and IR waves correlated, but the two waves continued to be linked during propagation. The remaining eight pairs of VZ and IR waves in this experiment were either localized waves or waves that occurred too close to the edge of the frame for the propagation direction to be determined accurately. Nonetheless, in each of these eight pairs the corresponding VZ and GCL waves always appeared within the same quadrant of the image frame. These results clearly demonstrated that VZ and GCL waves were closely correlated in space.
To compare the relative timing of VZ and GCL waves, the raw spike data and the spike rate recorded by an arbitrarily selected electrode (electrode 53 in Fig. 8B ) were plotted together with the fluorescence signals (⌬F/F) measured simultaneously at the corresponding VZ area (position 53 in Fig. 8B ). Although the peak spike rate and the peak ⌬F/F were offset by a few seconds, the overall temporal correlation between the VZ and GCL activities was apparent (Fig. 8C ). This correlation became more evident when the spike rate r(t) measured at electrode 53 and the fluorescence change ⌬F(t)/F(t) measured at position 53 were compared for the entire 2,400-s recording period (Fig. 9A , notice only 21 of the 32 VZ waves moved past position 53). Indeed, cross-correlation analysis of the two traces in Fig. 9A found a high degree of correlation between r(t) and ⌬F(t)/F(t), with the signal-to-noise ratio at the peak of the correlation equal to 20, which was highly significant (P Ͻ 0.0001). Similar results were obtained from an E30 retina (Fig.  9, B and D) with the signal-to-noise ratio at the peak of the correlation equal to 16, again extremely significant (P Ͻ 0.0001). Such a close correlation was only found between corresponding (matching) VZ and IR positions. When the spike rate at an electrode was compared with the VZ fluorescence at a distant location, many VZ and IR waves were no longer correlated between these positions (Fig. 9E) although correlation still remained (with a longer lag time) between large VZ and IR waves that propagated past both locations.
The cross-correlation coefficient in Fig. 9 , C and D, peaked at a lag time of 4 and 5 s, respectively; times that were consistent with the temporal delay between r(t) and ⌬F(t)/F(t) seen in Fig.  8C . However, because of the intrinsic kinetic difference between spikes and Ca 2ϩ responses (in general, spikes are expected to lead Ca 2ϩ responses even in the same cell), it could not be concluded with certainty whether this lag time in fact represented a delay in the onset of VZ waves with respect to IR waves. However, it was clear from our data that VZ and IR waves were highly correlated in the temporal domain. This close temporal correlation, together with the demonstrated spatial correlation between VZ and IR waves, suggested that the two waves were initiated or regulated by a common source.
It should be noted that a small number of GCL spikes in Fig.  9 (A and B) , predominantly with very lower spike rates, did not correspond to any VZ wave. Thus even though every VZ wave was correlated with a GCL burst, some small GCL bursts did not match any VZ waves, possibly because these small GCL bursts were too weak to generate a wave or to propagate to the VZ. We next used pharmacological tools to determine if VZ waves were initiated or regulated by the IR waves or vice versa. Application of atropine during simultaneous imaging and MEA recording completely blocked VZ waves but did not affect GCL waves in the same retina (Fig. 10) . In contrast, every drug that was found to block IR waves also blocked VZ waves (Fig. 5) . These results clearly demonstrate that the initiation of IR waves was independent of the presence of VZ waves. Taken together, our data suggest that retinal waves were initiated in IR and propagated to the VZ.
Retrograde spread of excitation from the inner to the outer retina
To demonstrate directly that waves of excitation were able to spread from IR to VZ, we elicited VZ waves by selectively exciting the IR. Because the VZ cells were insensitive to direct puffs of kainate (KA; Fig. 11B, n ϭ 3) , we used KA puffs at GCL to selectively excite IR cells (Fig. 11C) . Although spontaneous IR waves were not mediated by glutamate at this age, KA could evoke robust excitation from cholinergic amacrine cells and ganglion cells (Lee and Zhou, unpublished observation) and induce wave-like IR responses, which were insensitive to atropine as expected (Fig. 11C) . These responses propagated only a short distance, usually as a two-dimensional plane wave with a circular wavefront. As shown in Fig. 11A , KA puffs at the GCL surface evoked Ca 2ϩ waves at the VZ surface. Like spontaneous VZ waves, which formed spatial boundaries with their neighbors (e.g., the 2 spontaneous VZ waves shown in Fig. 11A, a and b) , puff-induced VZ waves also formed spatial boundaries with subsequent spontaneous waves (Fig. 11A, c and d) , and they also caused a refractory period, during which a second puff could not induce a wave in the same area (Fig. 11A, e and f) . Similarly, during the refractory period produced by a spontaneous VZ wave, a puff at GCL could not induce a VZ wave (Fig. 11A, g and h) . Similar to the spontaneous VZ waves, KA-evoked VZ waves could also be completely blocked by atropine, indicating the involvement of muscarinic receptor activation in the generation of VZ waves. This result also confirmed that the fluorescence signals detected from the VZ were not out-of-focus signals from the IR. Because VZ waves were evoked by KA puffs at the IR, but not by KA puffs at the VZ, this experiment clearly demonstrated a retrograde signaling pathway by which excitation in the IR was propagated to the VZ. Similar results were obtained with puffs of the nicotinic agonist 1,1-dimethyl-4-phenylpiperzinium iodide (DMPP) at the GCL, which also produced atropine-sensitive, wave-like responses in VZ (data not shown).
D I S C U S S I O N
Existence of VZ waves in the mammalian retina
Our results demonstrated for the first time in the mammalian retina that spontaneous rhythmic Ca 2ϩ transients existed in the VZ and propagated laterally as waves. We showed with simultaneous MEA and optical recordings that the VZ and IR waves were highly correlated in both space and time, indicating a common source of initiation or regulation of the two waves. Pharmacological comparisons between VZ and IR waves suggest that waves were initiated in IR and propagated to the VZ. Puffing exogenous agonists to GCL evoked VZ waves, demonstrating the capability of the developing mammalian retina to spread rhythmic, wave-like activity from IR to VZ.
The spontaneous VZ wave found in this study seemed similar to the rhythmic Ca 2ϩ transients previously reported in E11 chick retina (Catsicas et al. 1998) , although the dynamics and pharmacology of VZ transients in the chick retina are not available for comparison. Thus the VZ waves may represent a developmental phenomenon conserved in both lower vertebrates and mammals. Ventricular Ca 2ϩ transients have also been reported in early (ϳE5) developing chick retina and shown to play a role in regulating the cell cycle (Pearson et al. 2002) . However, because these early transients in chick VZ appear mainly as small bursts in single cells and only occasionally spread to neighboring cells, it seems unlikely that they belong to the category of propagating retinal waves, which emerge in chick GCL only after E11 (Wong et al. 1998) . Because the spatial and temporal dynamics of spontaneous Ca 2ϩ transients, and not merely the transients per se, is believed to be developmentally important (Gu and Spitzer 1995) , an understanding of the developmental function of retinal VZ transients would require the knowledge of the spatiotemporal pattern, mechanism of generation, and developmental sequence of these VZ events. We showed that the spontaneous VZ responses in the corresponding VZ surface of an E29 retina loaded with Fluo 4-AM. ⌬F/F was measured at the VZ surface from 4 areas indicated by 1-4, with area 1 being closest to the position corresponding to the puffer pipette at the GCL. The timing of the KA puff is shown by the black triangles at the top of the traces. Atropine (2 M) completely blocked the KA responses in VZ. Frames marked a-h are difference (⌬F) images (with inverted contrast) taken at the times indicated. B: puffing KA directly on the VZ surface did not produce any response in VZ. C: puffing KA on the GCL evoked atropine-insensitive Ca 2ϩ responses in the GCL. Recordings in A were made under an inverted microscope, whereas those in B and C were made under an upright microscope. activity in E24-P0 rabbits was distinctive in several important aspects. First, the activity was correlated among a large population of VZ cells and propagated laterally as a wave with a well-defined wavefront, spatial boundary, and refractory period. Second, the VZ wave was closely correlated with the IR wave, yet it was distinct in dynamics, showing a much more prolonged Ca 2ϩ kinetics. Third, the VZ wave was mediated by nicotinic and muscarinic receptor activation and gap junction communication; and it seemed to depend on Ca 2ϩ entry but not intracellular Ca 2ϩ release. These findings are important for future understanding of the role of VZ waves in retinal development. Because VZ waves were most prominent in embryonic rabbit retina, it is presently difficult to manipulate the waves in vivo for functional studies. Studies in an animal species, in which the VZ waves occur postnatally, may allow direct assessment of the developmental role of VZ waves in the mammalian retina. It also remains to be determined how VZ waves in rabbit progress beyond the period (E24-P0) examined in this study.
Retrograde signaling via retinal waves
Our simultaneous MEA recording and Ca 2ϩ -imaging results demonstrated that VZ and IR waves were closely correlated in both time and space domains, suggesting a common source of the initiation and regulation of the two waves. Previous results from chick retinal slices also show that the ventricular transients were nearly synchronized with the activities in the GCL. However, due to limited temporal resolution, it could not be distinguished in chick retinal slices whether the Ca 2ϩ transients are propagated from the inner to the outer retina or vice versa (Catsicas et al. 1998) . We now determined that spontaneous waves in rabbit are initiated in the IR and propagated to the VZ. This conclusion was based on three lines of evidence: VZ waves were always correlated with IR waves, but a small number of IR waves could exist without correlated VZ waves; atropine blocked VZ but not IR waves, whereas blocking IR waves always resulted in VZ waves being blocked as well; puffing KA or DMPP on IR resulted in a retrograde spread of wave-like activities to the VZ.
It remains to be determined how spontaneous activities spread from IR to the VZ. Our pharmacological results indicate a number of factors that might be involved, including muscarinic receptor activation, acetylcholinesterase activity, and gap junction communication. VZ cells directly responded to muscarine puffs and seemed to receive endogenous cholinergic input during VZ waves. One source of this cholinergic input may be the diffusion of ACh released by cholinergic amacrine cells in the IPL because both cholinergic immunoreactivity (Ahmad and Zhou 2003) and starburst cells (data not shown) have been found in the rabbit retina at this age. It is also possible that ACh is released near the VZ, by immature horizontal cells (Kim et al. 2000) because cholinergic markers (ChAT, VAChT) have been found transiently in the outer mammalian retina during a developmental period comparable to the appearance of VZ waves in rabbit (Ahmad and Zhou 2003; Kim et al. 1999 Kim et al. , 2000 . A common downstream effect of muscarinic receptor activation is the release of Ca 2ϩ from intracellular stores. However, the apparent insensitivity of both IR and VZ waves to thapsigargin seems to contradict a critical involvement of such a pathway in VZ wave generation, suggesting different muscarinic effects. The exact signal transduction mechanism responsible for the muscarinic action on retinal waves remains to be elucidated.
The muscarinic interactions during VZ waves seemed to be regulated tightly by the AChE activity because neostigamine, which did not have a significant effect on IR waves, greatly enhanced or induced VZ waves (Fig. 3) . The effects of AChE inhibitor on VZ waves are also consistent with an age-dependent expression of AChE activity previously reported in the VZ of the mammalian retina (Hutchins et al. 1995) . Both muscarinic activation and AChE activity have been implicated in early developmental events, such as cell proliferation, differentiation, and neurite outgrowth (Cheon et al. 2001; Layer 1991; Ma et al. 2000; Pearson et al. 2002; Robitzki et al. 1997) . Rhythmic Ca 2ϩ transients have also been reported in the VZ of the developing neocortex (Owens and Kriegstein 1998; Owens et al. 2000) , and muscarinic activation has been shown to induce slowly traveling waves of neural activity in developing neocortex (Peinado 2000) .
In addition to cholinergic interactions, gap junctions also contributed significantly to the formation of VZ and IR waves (Fig. 3) . Gap junction coupling has been observed not only among IR cells in the developing mammalian retina (Penn et al. 1994 ), but also between ganglion cells and cells that extend processes spanning the depth of the retina in E11 chick retina (Catsicas et al. 1998) . It is possible that gap junctions play a role in the back propagation of retinal waves, although our study could not pinpoint the location of these critical gap junctions. Interestingly, it has been shown in developing ferret (Johnson et al. 1999 (Johnson et al. , 2001 ) and rat (Reye et al. 2002 ) that immature photoreceptors send processes directly into IPL and GCL during a transient developmental period that matches the period of spontaneous VZ waves in rabbit. Thus it is possible that these immature photoreceptor processes and other radial processes, such as those formed by cells undergoing interkinetic migration, might form a part of the structural basis for the back propagation of IR waves to the VZ. It will be interesting to find out if any of these transient radial processes express cholinergic receptors or gap junctions. It also remains to be determined whether/how differentiating neurons in the outer retina participate in the VZ waves.
Although the exact functional role of VZ waves remains to be understood, our finding of the existence of VZ waves and the retrograde propagation of spontaneous retinal waves from the IR to the VZ suggests a novel pathway in the developing mammalian retina. This transient pathway runs opposite to the principal direction of information flow in the adult vertebrate retina and may allow newly differentiated neurons in the IR to regulate the activity of ventricular cells in the outer retina. Thus spontaneous retinal waves in the developing IR may send both forward messages to the central visual targets and retrograde signals to the VZ in the outer retina.
